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Introduction
Tropical moist forests are the most productive ecosystems
of the terrestrial biosphere and thus play significant roles in
regulating the global carbon cycle. It has been shown
recently that an undisturbed tropical rainforest in the
Amazon accumulates carbon from the atmosphere over the
time scale of months (Grace et al. 1995a, b, c).  This finding
contradicts the notion that undisturbed forest ecosystems are
in Ôsteady stateÕ with gains in plant carbon balanced by
losses due to death and decomposition (Jarvis 1986). It has
been suggested that net carbon accumulation in tropical
ecosystems may result from a fertilization effect due to the
increasing atmospheric CO2 concentration coupled with
higher deposition rates of nitrogen (Grace et al. 1995b). If
so, rainforests may be important sinks for terrestrial carbon
and could explain a portion of the missing sink for
anthropogenic CO2, typically attributed to forest growth in
the northern hemisphere (e.g. Wofsy et al. 1993).
Responses of leaf photosynthesis and growth to elevated
CO2 have now been well studied for seedlings of many tropical
plants under greenhouse conditions (e.g. Oberbauer et al. 1985;
Reekie and Bazzaz 1989; Ziska et al. 1991), but the physio-
logical response of rainforest ecosystems to elevated CO2 is
less well understood (see reviews by Koerner 1995; Arnone
1996; Koch and Mooney 1996). As pointed out by Bazzaz
(1990) and Korner (1995), responses of tropical plants
(especially at their seedling stage) to elevated CO2 may not
be representative of ecosystem processes, because of
relatively complicated interactions among components of an
ecosystem. Ideally, one would like to conduct CO2
enrichment experiments in a natural tropical rainforest
ecosystem, but the scale, complexity and working logistics
are challenging for field experimentation. Investigations with
model ecosystems in managed environments have been used
as an alternative approach for the assessment of CO2 effects
in highly structured ecosystems (Korner and Arnone 1992;
Arnone and Koerner 1995). The rainforest mesocosm of
Biosphere 2, a large-scale enclosure facility, can serve as a
more realistic model system for experimental studies of CO2
enrichment at ecosystem level, with much more
taxonomic/structural diversity, much higher spatial
heterogeneity and much bigger physical size than any
laboratory microcosm. As a model laboratory mesocosm, it
offers the possibility for control and manipulation of the
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Abstract. The ecosystem carbon exchanges in the enclosed rainforest of Biosphere 2, an enclosed
apparatus comprised of large synthetic ecosystems, were measured and modeled during the winter of
1995Ð1996 under different atmospheric CO2 concentrations. On eight separate days, this mesocosm was
exposed to various levels of CO2 ranging from about 380 to 820 mmol mol
Ð1 daily mean and then sealed
24 hours for continuous measurements of ecosystem CO2 fluxes. Our results indicated that net ecosystem
carbon exchange in the mesocosm was enhanced by increasing CO2 over the short periods studied (2Ð7
weeks), but, as expected from physiological studies, the response is not linear. The main effect of short-
term CO2 change was the enhancement of canopy CO2 assimilation, while soil respiration was not affected
by the atmospheric CO2 concentration. The whole ecosystem radiation use efficiency was significantly
higher under higher CO2. The results of direct measurements were predicted well by a simple canopy
model (the Ôbig-leafÕ model) that incorporates current physiological understanding of the biochemistry of
leaf photosynthesis. Validation of this model with a range of CO2 and light levels indicates that it can be
used with confidence to predict the responses of natural ecosystems to global climate change. Response of
ecosystem processes to elevated CO2 with relaxation time longer than a few weeks could not be resolved
in this study, but longer-term closure experiments are planned to examine these processes.
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major environmental factors not possible in field
experimental plots. In this paper, we report a pilot study to
demonstrate the potentials of this large-scale mesocosm for
ecosystem CO2 enrichment research.
Mathematical models based on mechanistic or empirical
relationship between physiological processes and
environmental conditions provide another powerful approach
to understand how canopy and whole ecosystem will respond
to changing atmospheric CO2 concentration (Amthor 1994;
Lloyd et al. 1995). Using eddy-covariance data, for example,
Lloyd et al. (1995) showed that a Ôbig-leafÕ model based on
current physiological understanding of the biochemistry of
photosynthesis was capable of providing a good description of
ecosystem CO2 and water fluxes by an Amazon rainforest
under current CO2 concentrations and climatic conditions. In
this paper, we compared the results from direct measurements
of ecosystem carbon exchanges under various atmospheric
CO2 concentrations with the predictions from this canopy
model, providing an opportunity to test this canopy and
ecosystem model over a wide range of CO2 concentrations. 
Materials and methods
Description of the rainforest mesocosm
Located near Tucson (Arizona, USA), Biosphere 2 is an enclosed apparatus
comprised of large-scale synthetic communities representing rainforest, desert,
savanna and other tropical or subtropical ecosystems. The 1.25-ha naturally-lit
structure is sealed from the earth by stainless steel sheets and glass. The
complex was built originally for human enclosure experiments and contains
about 170 000 m3 of atmosphere, 1.5 million L of freshwater, 3.8 million L of
salt water and 17 000 m3 of soil (Nelson et al. 1993). The vegetated areas of its
subsystems or mesocosms range from about 1400 m2 in the desert to almost
1700 m2 in the rainforest. The rainforest mesocosm of Biosphere 2 is a mixed
humid forest and contain a large volume of air and soil as well as diverse plant
species (Fig. 1). The large rooting volume and growing space in this rainforest
mesocosm allow growth of major plant growth forms and functional types,
typical of the analog ecosystems on the earth. However, the trophic relationship
in this mesocosm is quite different from that in the natural rainforest ecosystems
with considerably fewer insects, fungi and higher level consumers. 
CO2 control and treatments in winter of 1995Ð1996
Biosphere 2 was not designed originally for replicated experimental
research and there is only one rainforest. The heterogeneous distribution of
plants and soil types within this mesocosm precluded a typical random
design of controls and treatments of CO2 concentrations. Given this
circumstance, we chose to use a time series of step-wise changes in
atmospheric CO2 concentration to create the control (near ambient CO2)
and the treatment (elevated CO2), over time intervals centered around the
winter solstice to minimize variation in input solar radiation. As described
below, the temporal gradients in CO2 concentration were created by
controlled exchange of the air inside Biosphere 2, typically of superambient
CO2 concentration, with the outside ambient air using a fan system (Fig. 1).
The outside ambient air was pushed first into the south lung, through the
desert mesocosm, then northward through the savanna biome, and finally
through the rainforest mesocosm before being drawn out of the structure by
another fan near the northwest corner of the rainforest. By adjusting the
flow rate and the duration of air exchange, the atmospheric CO2
concentrations were manipulated and maintained at different mean daily
CO2 concentrations for several weeks. However, the atmospheric CO2
concentrations showed large diurnal changes due to the relatively small
ratio of atmosphere to the vegetation biomass.
In this study, the atmospheric CO2 concentration was maintained at high
level (around 700Ð800 mmol molÐ1 daytime mean) first for 3 weeks between
5 December and 25 December 1995, then at low level (around 350Ð400 mmol
molÐ1  daytime mean) for about 7 weeks between 27 December 1995 and 8
February 1996. The treatment ended with a high CO2 again for an additional
2 weeks between 9 February and 17 February 1996. At intervals during the
treatments, the mesocosm was sealed with a deployable polyethylene curtain
(Fig. 1), and net CO2 exchange was measured as described below. The
climate control systems of Biosphere 2 were used to maintain temperature
and relative humidity (RH) relatively constant throughout the entire
experimental period (air temperature at 25¡C and RH around 90%). In
addition, rain events were carefully scheduled to ensure stable soil moisture
over the experimental period. Changes in water availability for plant uptake
during the experimental period were monitored by measuring predawn water
potentials for the most important woody species with a PMS-1003 pressure
chamber (PMS Inc., Corvallis, Oregon, USA) between 4:00Ð6:00 am local
time.  For the species measured, the predawn water potentials remained
relatively stable and high values throughout the entire experimental period,
with the mean values between Ð0.2 and Ð0.3 MPa.
The photosynthetic active radiation (PAR), air and soil temperature,
relative humidity and barometric pressure were monitored continuously.
The atmospheric CO2 concentrations at canopy level were measured using
a LI-6262 CO2 analyzer (LI-COR Inc., Lincoln, Nebraska, USA) with a
custom-designed five-point calibration system (Rosenthal et al., in press).
PAR distribution along a height profile from the top of the canopy to the
ground was analyzed using a Sunfleck PAR Ceptometer (Model SF-80,
Decagon Devices, Inc., Pullman).
To characterize the nutrient status for the mesocosms during the
experimental period, we collected soils at two depths (0Ð20 and 20Ð40 cm)
from five representative locations at the beginning and in the middle of the
experimental period. In addition, leaf samples at different locations of the
canopy were collected from between three and five representative plants
each of the ten most abundant species: Alpinia zerumbet, Arenga pinnata,
Cecropia shreberiana, Ceiba pentandra, Clitoria racemosa, Dieffenbachia
sp., Epippremnum pinnatum, Hura crepitans, Musa acuminata, Syngonium
podophyllum. The soil and leaf samples were dried at 70¡C for 48Ð72 h,
ground to ensure sample homogeneity, and analyzed at the Soil and Water
Analysis Laboratory of Colorado State University in Fort Collins, Colorado,
USA (Table 1). 
Measurements of ecosystem carbon exchanges
After each CO2 concentration was maintained for about 6Ð8 days, the
mesocosm was sealed for periods of 24Ð72 h (18 Dec. and. 22 Dec. 1995
for the first high CO2 phase; 16 Jan., 23 Jan. and 31 Jan. 1996 for the low
CO2 phase; and 14Ð16 Feb. 1996 for the second high CO2 phase). During
each measurement period, the mesocosm was closed with the partition
curtains and SF6 was released in the sealed mesocosm and monitored using
Gas Chromatography (Model HP 5890 II, Hewlett Packard Co., San Diego,
California, USA) to determine the overall leak rate across the partition
curtains, typically around 1% hÐ1.
The diurnal change in atmospheric CO2 concentration inside the
mesocosm during the 24 hour period (8:00 amÐ 8:00 am) for each enclosure
period was used to calculate the net ecosystem CO2 exchange (NEE) as
related to primary production and respiration:
d[CO2]a /dt * Ma = NEE Ð Fleak Ð Fconc (1)
where d[CO2]a/dt is the rate of change in CO2 concentration in the air inside
the closed mesocosm, Ma is the number of moles of air within the
mesocosm, Fleak is the CO2 flux between the rainforest mesocosm and its
neighboring mesocosm (i.e., Savanna, see Fig. 1) due to air leakage through
the partition curtains, and Fconc is the rate of CO2 uptake by the concrete
structure due to a carbonation reaction between CO2 and calcium oxide
(Severinghaus et al. 1994). Fleak was estimated using the observed leak rate
and the gradient in atmospheric CO2 concentration across the curtains. Fconc
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depended primarily on the CO2 concentration of Biosphere 2 air and the
diffusivity of CO2 in the concrete, and was estimated as described
previously (Severinghaus et al. 1994). These corrections for Fleak and Fconc
had a negligible effect on calculated NEE.
A negative NEE indicates a net uptake of CO2 by the rainforest
ecosystem and a positive NEE indicates release of CO2 by respiration of the
whole mesocosm. In the day-time, NEE represents the balance between net
canopy assimilation (Ac), trunk respiration (Rt) and soil respiration (Rs):
NEE = ÐAc + Rt + Rs. (2)
At night, NEE is the sum of aboveground respiration (leaf respiration,
Rl, and trunk respiration, Rt) and soil respiration:
NEE = Rl + Rt + Rs. (3)
Ac was estimated from the NEE, Rs, Rt and Rl. Day-time Rs was estimated
between 8:00 am and 5:00 pm during each enclosure day using a LI-6000 09
soil respiration chamber and a LI-6200 portable photosynthesis system 
(LI-COR Inc., Lincoln, Nebraska, USA). Measurements were made over 25
PVC soil collars (10 cm diameter ́ 5 cm height) which were inserted 3 cm into
soils of major vegetation zones in the mesocosm. The mean day-time Rs from
these measurements was used to calculate actual soil respiration at a given
soil temperature using the empirical equation of Lloyd and Taylor (1994).
Rt and Rl were not directly measured, so a typical value of 0.75 mmol m
Ð2 sÐ1
for Rt and 0.7 mmol m
Ð2 sÐ1 for Rl at 25¡C (both on ground area basis), as
adopted for an Amazon rainforest (Lloyd et al. 1995), were used throughout
the calculations. Ecosystem-level radiation use efficiency (RUE) was
calculated as the ratio of the total moles of CO2 fixed on a single day to the
total moles of PAR received at the top of canopy during the same period.
This calculation did not explicitly model light interception by the canopy of
the rainforest. The canopy is not flat, thus the apparent RUE may be
overestimated at low solar angles.
Model simulations of ecosystem carbon exchanges
Detailed descriptions of the Ôbig-leafÕ model were given fully by Lloyd
et al. (1995). We adopted the parameterized values for all constants and
parameters used for a tropical rainforest in Amazon. To run the model, we
first estimated the concentration of CO2 in the substomatal cavity, Cst, using
the empirical equation of Lloyd and Farquhar (1994):
Cst = Ca {1Ð Ã [(1.6*Dc*(CaÐG)*P)/(l*Ca2]}, (4)
where Ca is the CO2 concentrations in the ambient air; Dc is the vapor
pressure deficit between leaf inner space and the ambient air; G is CO2
compensation point (38.6 mmol molÐ1 at 25¡C) and l is the constant ratio
of stomatal conductance to photosynthesis (l=750 mmol molÐ1 for the
rainforest, Lloyd et al. 1995). We then used the estimated Cst and the observed
PAR at the top canopy layer to model net canopy CO2 fluxes (or Ac) using a
Vmax of 68 mmol m
Ð2 sÐ1 and a Jmax of 130 mmol m
Ð2 sÐ1 from Lloyd et al.
(1995). Analysis of gas exchange measurements on upper leaves of two
canopy trees in 1997 gave similar estimates of Vmax (J. Adams, B.
Farnsworth, G. Colello and G. Lin, unpublished data). We used the
estimated values for Ac, Rs, Rl and Rt to calculate NEE, which was
compared with directly-measured NEE. We varied the curvature factor for
the photosynthesis-PAR relationship (Ul, see Equation 4 in the reference)
to minimize the sum of squares for the difference between modeled and
observed NEE. For the best fit of the Ôbig-leafÕ model, we used a curvature
factor of 0.713, very close to the value (0.7) used by Lloyd et al. 1995 for
a tropical rainforest in Amazon.
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Fig. 1. Schematic diagram showing the tropical rainforest and other mesocosms of
Biosphere 2 and associated systems for internal pressure regulation (ÔLungÕ), air flow control
(Tesco fans) and sub-system separation (curtains). The operation procedures of the lung,
Tesco fans and curtains during this study were described in the text. The major characteristics
of the rainforest mesocosm are shown under the diagram. The values for the soil organic
matter content and C/N ratios were obtained in 1993. 
Vegetated area: 1642 m2
Max height: 28 m
Soil volume: 6000 m3
Air volume: 25 4000 m3
Water volume: 100 m3
Soil OM%: 4.16 ± 0.42 (0Ð20 cm)
3.88 ± 0.35 (20Ð40 cm)
Soil C/N ratio: 11.1 ± 0.7 (0Ð20 cm)
12.3 ± 1.4 (20Ð40 cm)
Total plant species: ~70
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Statistical analysis
The differences in the ecosystem carbon exchange rates (NEE, Ac, Rs)
and RUE between the low CO2 phase (16, 23 and 31 Jan. 1996) and the high
CO2 phase (18 and 22 Dec. 1995, and 14Ð16 Feb. 1996) were tested using
a two-sample t-test. All statistical analyses were performed using SYSTAT
(IPSS, Inc., Chicago). 
Results
Distribution of nutrients in soils and leaves 
With the depth of 2Ð4 m, the soils in this rainforest
mesocosm were originally quite high in organic carbon, but
our recent analyses showed that the current carbon contents
are within the range of the typical values of natural
rainforest soils (Table 1). Sanchez (1989) reported that the
ranges for soil organic matter contents in tropical rainforest
are 1.7Ð8.3% for the 0Ð20 cm layer and 0.4Ð5.2% for the
layer below 20 cm depending on soil types.
The distribution of PAR and leaf nitrogen content in the
canopy of the rainforest mesocosm is shown in Fig. 2. As
expected, the distribution of leaf nitrogen within the canopy
was in approximate proportion to irradiance as required for
the canopy integration scheme used in the Ôbig-leafÕ model.
The nitrogen contents of active leaves in the top canopy
layer were estimated at 251.8±13.9 mmol mÐ2.
Diurnal climate conditions and net ecosystem carbon exchange
Inside Biosphere 2, PAR usually peaked around noon
(Arizona local time) with the maximum values around
900Ð1000 mmol mÐ2 sÐ1 in all three CO2 treatment phases
(Fig. 3aÐc). The atmospheric CO2 concentration showed a
large diurnal swing (up to 300 mmol molÐ1) between early
morning (around 7:00 am) and late afternoon (around 4:00
pm) on all enclosure days (Fig. 3dÐf). There was a smaller
diurnal change in CO2 during days when the mesocosm was
not sealed. Soil temperature at the depth of 10 cm varied
only 2Ð3¡C (Fig. 3gÐi) for all enclosure days, with highest
temperature occurred before sunset. 
The NEE in the rainforest mesocosm followed roughly
the PAR diurnal changes, with the highest NEE in the day
occurring around noon (Fig. 3jÐl). The day-time peak NEE
was much higher, or more negative (from Ð14 to Ð20 mmol
mÐ2 sÐ1) for the high CO2 phases than the low CO2 phase
(from Ð10 to Ð13 mmol mÐ2 sÐ1). The apparent variation in
NEE during the night is possibly due to mass flow of air
from the savanna to the rainforest as temperature decreases
during the night, thus the nighttime NEE was excluded from
this analysis.
The daily-integrated environmental conditions, ecosystem
carbon exchange rates and ecosystem-level radiation use
efficiency in the rainforest mesocosm of Biosphere 2 on 8
enclosure days are given in Table 2. The daytime
(8:00Ð18:00, local time) mean CO2 concentration was 429.8
mmol molÐ1 for the low CO2 phase and 740.2 mmol mol
Ð1 for
the high CO2 phases. All other environmental conditions
(PAR, Ta, Ts, RH) in the daytime were similar during the low
and high CO2 treatment phases. The daytime integrated NEE
was significantly higher, or more negative for the high CO2
phases (averaged at Ð5.80 mmol mÐ2) than for the low CO2
phase (averaged at Ð3.11 mmol mÐ2) (P=0.007). Daytime
integrated soil respiration was not significantly different
between the low and high CO2 treatment phases (P=0.095).
The mean daily-integrated canopy CO2 assimilation was
significantly higher for the high CO2 phases than for the low
CO2 phase (P=0.005). Similarly, the ecosystem-level
radiation use efficiency was significantly higher for the high
CO2 phases than for the low CO2 phase (P=0.001).
Responses of NEE  to PAR and atmospheric CO2 concentration
The responses of NEE to incoming PAR at the top of
canopy are shown in Fig. 4 for 8 enclosure days under actual
light, CO2, temperature and relative humidity conditions.
The plots of observed NEE against PAR were quite scattered
on all enclosure days, probably due in part to variation in the
CO2 concentration. Nevertheless the PAR response followed
similar patterns among three CO2 treatment phases. Light
compensation point for ecosystem carbon uptake, at the PAR
level the ecosystem carbon uptake is balanced by the
ecosystem respiration, was similar (about 150 mmol mÐ2sÐ1)
for the low CO2 phase and the high CO2 phases (Fig. 4).
When PAR was less than 400 mmol mÐ2 sÐ1, NEE increased
almost linearly with increasing PAR. NEE reached the
maximum values when PAR was about 400 mmol mÐ2sÐ1.
Since NEE was apparently light-saturated when PAR
exceeded 500 mmol mÐ2sÐ1 and since there was significant
variation in CO2 concentration, we were able to plot NEE
Table 1. Means and standard errors (n=5) for the nutrient
concentrations (on dry weight base) in soils from the rainforest
mesocosm of Biosphere 2 at the three sampling times when the
atmospheric CO2 concentration in each mesocosm was set at high or
low level in the winter of 1995Ð1996 
Characteristics Soil depth (cm) 19 December 1995 25 January 1996
pH 0Ð20cm 7.34±0.10 7.38±0.21
20Ð40cm 7.36±0.04 7.50±0.01
Organic matter (%) 0Ð20cm 3.62±0.49 4.08±0.47   
20Ð40cm 3.26±0.26 2.92±0.39
NO3ÐN (mg g
Ð1) 0Ð20cm 22.4±5.3 26.2±2.3
20Ð40cm 21.4±6.0 19.6±3.3
PO4ÐP (mg g
Ð1) 0Ð20cm 117±25 111±24
20Ð40cm 121±25 99±21
K (mg gÐ1) 0Ð20cm 789±189 650±153
20Ð40cm 533±132 523±89
Fe (mg gÐ1) 0Ð20cm 251±45 190±16
20Ð40cm 207±44 215±31
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against CO2 (Fig. 5). Light-saturated net ecosystem
exchange of carbon dioxide showed significant response to
atmospheric CO2 concentration from 350 to about 600 mmol
molÐ1, but NEE did not change much after CO2
concentration was above 600 mmol molÐ1 (Fig. 5). 
Model simulations of ecosystem CO2 fluxes
The predicted daytime NEE values using the Ôbig-leafÕ
model were shown in Fig. 6, where modeled 15 min-
integrated NEE is plotted as a function of the measured value.
In general, the big-leaf model predicted quite well the daytime
Effect of CO2 on ecosystem carbon exchanges







Fig. 2. Distribution of photosynthetic active radiation (PAR) and leaf nitrogen contents (symbols for different species) in the canopy of the rainforest
mesocosm of Biosphere 2. The PAR was measured one time in four directions of the sampling pole around 11:00 am on 11 June, 1996, while the foliar
nitrogen contents were measured on 25 January 1996.
Table 2. Atmospheric CO2 concentration, air temperature (Ta), relative humidity (RH), soil temperature at 10 cm depth (Ts), photosynthetic active
radiation (PAR), net ecosystem CO2 exchange rate (NEE), canopy CO2 assimilation rate (Ac), and ecosystem-level radiation use efficiency (RUE) in
the rainforest mesocosm of Biosphere 2 during day time on the 8 enclosure dates in winter 1996 
Ac was calculated from NEE and Rs, while RUE was defined as the mole CO2 fixed per mole PAR absorbed
Date Daytime (8:00Ð18:00, local time)
Mean CO2 Mean Ta Mean RH Mean Ts Total PAR Total NEE Total Rs Total Ac RUE
(mmol mol-1) (¡C) (%) (¡C) (mmol mÐ2 dÐ1) (mmol mÐ2 dÐ1) (mmol mÐ2 dÐ1) (mmol mÐ2 dÐ1) (mol molÐ1)
High CO2 phaseÐI:
18 Dec. 95 812.3 26.2 88.9 23.8 204.5 Ð4.60 2.48 7.08 0.022
22 Dec. 95 820.3 25.9 86.4 24.1 179.3 Ð4.25 2.57 6.82 0.024
Low CO2 Phase:
16 Jan. 96 466.0 25.8 90.3 24.1 223.3 Ð3.20 2.27 5.47 0.014
23 Jan. 96 441.6 25.7 88.1 23.6 231.9 Ð3.57 2.38 5.94 0.015
31 Jan. 96 381.7 26.6 88.8 24.8 206.2 Ð2.57 2.42 4.99 0.012
High CO2 phaseÐII:
14 Feb. 96 686.3 24.4 86.4 24.7 224.0 Ð6.28 2.44 8.72 0.028
15 Feb. 96 715.0 25.1 86.3 24.9 226.9 Ð7.10 2.45 9.55 0.031
16 Feb. 96 666.9 27.0 89.3 25.0 214.1 Ð6.79 2.44 9.23 0.032
500 1000 1500 100 200 300
NEE under all CO2 concentrations (Fig. 6). Simulated
responses of NEE to PAR under 4 different atmospheric CO2
concentrations and the responses of NEE to atmospheric CO2
concentration under 3 different air temperature regimes are
shown in Fig. 7. These plots represent model simulation of the
expected response of the rainforest ecosystem to variation in
a single factor, and provide a useful basis for generalizing the
observations reported here. The effect of PAR on NEE is most
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Fig. 3. Diurnal courses of photosynthetic active radiation (PAR), atmospheric CO2 concentration, soil temperature at 10 cm depth and
net ecosystem exchange of carbon (NEE) in the rainforest mesocosm of Biosphere 2 during three CO2 treatment phases (filled symbols
for the high CO2 phases and open symbols for the low CO2 phase) in the winter of 1995Ð1996. For each CO2 treatment phase, two or three
diurnal courses were measured after the CO2 was controlled at a given level. The negative NEE indicates a net uptake of atmospheric CO2















































profound when PAR is lower than 500 mmol molÐ1 (Fig. 7A).
NEE shows non-linear response to CO2 concentration with
higher sensitivity at lower CO2 concentration (Fig. 7B).
Increase in air temperature does not change the response
characteristics of NEE to atmospheric CO2 concentration, but
decreases NEE under all CO2 concentrations. 
Discussion
Effect of CO2 on net ecosystem carbon exchange
By using the large-scale tropical mesocosm of Biosphere 2,
we show here that the net ecosystem carbon uptake can be
enhanced by increasing atmospheric CO2 over the short-term
periods measured (Fig. 3, Table 2). An increase in atmosphere
CO2 concentration significantly enhanced daily net ecosystem
carbon uptake mainly by increasing canopy CO2 assimilation
in the day-time, since there were no significant effect of
atmospheric CO2 concentration on Rs during the day (Table 2).
The observed ecosystem carbon exchange and canopy CO2
assimilation rates were comparable to those observed in a
tropical moist forest in Amazon (Grace et al. 1995aÐc). During
the experimental period, air temperature and relative humidity
remained fairly stable for all three CO2 phases (Table. 2).
Plants in the rainforest mesocosm were not under water stress
based on the high and stable predawn water potentials. The
nutrient status of the mesocosm, as reflected in the soil nutrient
concentrations, did not change significantly between the CO2
treatment phases (Table 1). Because of the winter Solstice, the
canopy PAR levels raised only slightly (less than 15%) over
the 12-week experimental period (Fig. 3). Thus, the response
in net ecosystem carbon exchange to changing atmospheric
CO2 observed in this study should result mainly from the direct
effects of elevated CO2 on ecosystem carbon metabolism.  
Our experimental and modeling results both showed that
the response in net ecosystem exchange of carbon dioxide to
atmospheric CO2 concentration is not linear (Figs 5, 7). At the
leaf level, it has been well demonstrated that the response in
leaf carbon assimilation in C3 plants to atmospheric CO2
declines with increasing CO2 concentration up to a point when
further increase in CO2 concentration has no stimulating
effects on the rate of carbon uptake (Farquhar et al. 1980;
Sharkey 1985). We observed here similar responses in carbon
uptake at the ecosystem level in this rainforest mesocosm.
This suggests that, as CO2 continues to rise, the relative
effect of increasing CO2 on ecosystem carbon uptake may
gradually decline. Thus, the capacity of tropical rainforests to
stabilize global atmospheric CO2 concentration may reduce
significantly or diminish when the earthÕs atmospheric CO2
reaches 600 mmol mÐ2 sÐ1 sometime in next century. Our
results also suggest that, in order to understand the possible
impact of increasing atmospheric CO2 on ecosystem
functions, investigations should extend over a wide range of
CO2 treatments (Koerner 1995). Unfortunately, most on-
going CO2 enrichment experiments at the ecosystem level
Effect of CO2 on ecosystem carbon exchanges












Fig. 4. Responses of net ecosystem exchange of carbon (NEE) to photosynthetic active radiation (PAR) in the rainforest of Biosphere 2 on 8 closure days
during the winter of 1996 with different atmospheric CO2 concentrations.  Note that the atmospheric CO2 concentration was not the same under different
PAR on each closure date.
have only two levels of atmospheric CO2 concentration and
use 2 ´ CO2 as the highest level.
CO2 fertilization is one of the most likely mechanisms
responsible for increasing carbon uptake by terrestrial
ecosystems (see review by Korner 1993; Schimel et al.
1995). This implies that increasing atmospheric CO2 can
enhance ecosystem carbon uptake in the tropics. Using the
TEM model, Melillo et al. (1993) also predicted that net
primary productivity in tropical ecosystems would increase
of 22% or 4 ´ 1012 kg per year in response to a doubled CO2.
However, using an artificial rainforest ecosystem, Korner
and Arnone (1992) showed that increasing atmospheric CO2
from 340 to 610 mmol molÐ1 over 3 months had no obvious
effects on net ecosystem carbon uptake nor biomass
accumulation, although they did observe strong short-term
response in the canopy carbon uptake. Our study differed
from Korner and ArnoneÕs (1992) in that we used a larger
experimental system (35 000 m3 vs. 17 m3), with greater
species diversity (70 vs. 15), deeper soils (300 cm vs. 20
cm), longer establishment period of the experimental system
(6 years vs. 2 months) and shorter CO2 treatment period
(2Ð7 weeks vs. 3 months). Since all these experimental
factors (especially soil volume, species diversity, and
experimental duration) have significant effects on
experimental results (Bazzaz 1990; Arp 1991), we cannot
compare the results between the two studies. Nevertheless,
our results imply that tropical rainforest ecosystem can serve
as net sink or source for atmospheric carbon dioxide
depending on the concentration of atmospheric CO2.
Several previous studies in terrestrial ecosystems,
including tropical rainforest microcosm, showed that soil
respiration was significantly higher under elevated CO2
(e.g. Korner and Arnone 1992). We did not observe significant
difference in soil respiration among different CO2 phases in
this rainforest mesocosm (Table 2). A possible explanation for
this result is that our CO2 treatment lasted only for 2Ð7 weeks,
probably not long enough for root respiration and litter
decomposition to respond. Another possibility is the higher
nutrient contents in the soil of our rainforest mesocosm than
other experimental systems (Table 1).
However, it should be noted that our CO2 treatment
period lasted only several weeks for each level, thus long-
time scale acclimation of photosynthetic and respiratory
processes to high CO2 could not be studied here.  Similarly,
the responses of other longer term processes (e.g. soil
respiration, plant growth, biomass accumulation, etc.) were
also not studied here. Possible acclimation of carbon uptake
to CO2 concentration is critical for predicting long-term
effects of increasing CO2 concentration on ecosystem
functions (see review by Sage 1994; Koch and Mooney
1996). Longer-term CO2 enrichment experiments using
large-scale model ecosystems like the rainforest of Biosphere
2 could be used to examine the magnitude and kinetics of
these responses and their effect on carbon sequestration by
tropical moist forests.
Effect of PAR on net ecosystem carbon exchange
The net ecosystem carbon exchange in the rainforest
mesocosm showed typical non-hyperbolic responses to
incoming PAR at the top of canopy (Fig. 4). The scatter
around the response trend was probably due to the large
diurnal change in atmospheric CO2 concentration (Fig. 3). In
the early morning, the CO2 concentration was at its highest
values while PAR was relatively low. When PAR decreased
during the afternoon, the atmospheric CO2 concentration was
lower than its maximum values (Fig. 3). The ecosystem RUE
was also increased by increasing atmospheric CO2
concentration (Table 2), consistent with previous observations
on apparent quantum yield at the leaf-level (Ziska et al. 1991).
Model simulations of ecosystem carbon exchanges
The simultaneous variations in CO2 concentration and light
during these experiments are not typical of natural
ecosystems. While this may raise questions about the
relevance of our results to natural ecosystems, it is important
to note that these provide a stronger test of models than could
be obtained in natural ecosystems. Our results indicated that
the Ôbig-leafÕ model of Lloyd et al. (1995) predicted quite well
the daytime ecosystem CO2 fluxes in this modeled rainforest
over a range of atmospheric CO2 concentrations (Figs. 6). By
comparison, the study of Lloyd et al. (1995) on an Amazon
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Fig. 5. Effect of atmospheric CO2 concentration on light-saturated net
ecosystem exchange of carbon (NEE when PAR was higher than 500 µmol
mÐ2 sÐ1) in the rainforest of Biosphere 2 during the winter of 1996. The data
from 8 closure dates with different CO2 concentrations (open symbols for
the low CO2 phase and solid ones for the high CO2 phases) were pooled
together.






















rainforest could only examine current atmospheric CO2
concentration. These results indicate that physiologically-
based models such as the Ôbig-leafÕ model used here provide
a good basis for predicting the response of natural rainforest
to CO2 change. Our results also demonstrate that the
rainforest mesocosm of Biosphere 2 may serve as a new
Effect of CO2 on ecosystem carbon exchanges
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Fig. 7. Simulated response of daytime net ecosystem exchange of carbon (NEE) to photosynthetic active radiation (PAR) under four different atmospheric
CO2 concentrations (indicated as the numbers at right sides of the response curves (A) and to atmospheric CO2 concentration under three different air
temperature (indicated as the numbers at the left sides of the response curves (B) using the big-leaf model of Lloyd et al. (1995). The curvature factor used
here is 0.713, the mean value for the 8 closure days using the rainforest of Biosphere 2. For Fig. 7A: Ta=27.5¡C, Ts=25.0¡C, RH=85%) and Rs=4.5 mmol
mÐ2 sÐ1, Rp=0.75 mmol m
Ð2 sÐ1 at 25¡C). For Fig. 7B, Ts = Ta+2.5, PAR=2000 mmol m
Ð2 sÐ1, others as in Fig. 7A. 
Fig. 6. Modeled versus measured values of daytime net ecosystem exchange of carbon (NEE) for the rainforest mesocosm of Biosphere 2 during three
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experimental system for examining the time dependent
changes in ecosystem response to global change.
Acknowledgments
The authors thank many people at Biosphere 2 Center for
their help in operating the facility (e.g. Tony Burgess, Bernd
Zabel, John Druitt, Shelly Burk, Jeff Onger, Norm Bailay,
etc.) and conducting field measurements (Blake Farnsworth,
Gaoming Jiang, Tilak Mahato, Chuck Peacock, Mark Rico,
Heidi West and Yuan Ke) during the present study. We also
thank two anonymous reviewers for their insightful comments
on the manuscript. The senior author also thanks Wallace
Broecker and Taro Takahashi for their support toward this
study. This study is supported financially by Mr Ed Bass. 
References
Amthor, J. A. (1994). Scaling CO2-photosynthesis relationships from leaf
to the canopy. Photosynthesis Research 39, 321Ð350.
Arnone, J.A., (1996). Predicting responses of tropical plant communities to
elevated CO2: lessons from experiments with model ecosystems. In
ÔCarbon Dioxide, Population and CommunitiesÕ. (Eds C. Korner and
F.A. Bazzaz.) pp. 101Ð121. (Academic Press: San Diego.)
Arnone, J.A., and Korner, C. (1995). Soil and biomass carbon pools in
model communities of tropical plants under elevated CO2. Oecologia
104, 61Ð71.
Arp, W.J. (1991). Effects of source-sink relations on photosynthetic
acclimation toelevated CO2. Plant, Cell and Environment 14, 869Ð875.
Bazzaz, F.A. (1990). The response of natural ecosystems to the rising global
CO2 levels. Annual Review of Ecology and Systematics 21, 167Ð196.
Campbell, G. S. (1977). ÔAn Introduction to Environmental Biophysics.Õ
(Springer-Verlag: New York.)
Curtis, P.S., Zak, D.R., Pregitzer, K.S., Lussenhop, J., and Teeri, J.A.
(1996). Linking above- and belowground responses to rising CO2 in
northern deciduous forest species. In ÔCarbon Dioxide and Terrestrial
EcosystemsÕ (Eds G. W. Koch and H. A. Mooney.) (Academic Press:
San Diego.)
Farquhar, G.D., von Caemmerer, S., and Berry, J. A. (1980). A bio-
chemical model of photosynthetic assimilation in leaves of C3 species.
Planta 149, 78Ð90.
Grace, J., Lloyd, J., McIntyre, J., Miranda, A.C., Meir, P., Miranda,
H.S., Nobre. C., Moncrieff, J., Massheder, J., Malhi, Y., Wright, I.,
and Gash, J. (1995a). Carbon dioxide uptake by an undisturbed tropical
rainforest in southwest Amazonia, 1992 to 1993. Science 270, 778Ð780.
Grace, J., Lloyd, J., McIntyre, J., Miranda, A.C., Meir, P., Miranda,
H.S., Moncrieff, J., Massheder, J., Wright, I., and Gash, J. (1995b).
Fluxes of carbon dioxide and water vapour over an undisturbed tropical
forest in south-west Amazonia. Global Change Biology 1, 1Ð13.
Grace, J., Lloyd, J., McIntyre, J., Miranda, A.C., Meir, P., and
Miranda, H.S. (1995c). Carbon dioxide fluxes over Amazonian
rainforest in Rondonia. In ÔAmazonia Deforestation and ClimateÕ. (Eds
J. H. C. Gash, C.A. Nobre, J.M. Roberts and R.L. Victoria.). pp.
307Ð317. (Institute of Hydrology Press.)
Jarvis,  P. G. (1986). Forest in steady state. Tree Physiology 2, 347.
Koch, G. W., and Mooney, H.A. (1996). Response of terrestrial
ecosystems to elevated CO2: a synthesis and summary. In ÔCarbon
Dioxide and Terrestrial EcosystemsÕ. (Eds G.W. Koch and H.A.
Mooney.). pp. 415Ð429. (Academic Press: San Diego.)
Korner, C., and Arnone, J.A. III (1992). Responses to elevated carbon
dioxide in artificial tropical ecosystems. Science 257, 1672Ð1675.
Koerner, Ch. (1993). CO2 fertilization: the great uncertainty in future
vegetation development. In ÔVegetation Dynamics & Global ChangeÕ.
(Eds A.M. Solomon and H.H. Shugart). pp. 85Ð99. (Chapman & Hall:
New York.)
Koerner, Ch. (1995). Towards a better experimental basis for upscaling
plant responses to elevated CO2 and climate warming. Plant, Cell and
Environment 18, 1101Ð1110.
Lloyd, J., and Farquhar, G. D. (1994). Discrimination during CO2
assimilation by the terrestrial biosphere. Oecologia 99, 201Ð215.
Lloyd, J., and Taylor, J. (1994). On the temperature dependence of soil
respiration. Functional Ecology 8, 315Ð323.
Lloyd, J., Grace, J., Miranda, A.C., Meir, P., Miranda, Wong, S. C.,
Miranda, H. S., Wright, I., Gash, J., and McIntyre, J. (1995). A
simple calibrated model of Amazon rainforest productivity based on
leaf biochemical properties. Plant, Cell and Environment 18,
1129Ð1145.
Melillo, J. M., McGuire, A. D., Kicklighter, D. W., Moore, B. III,
Vorosmarty, C. J., and Schloss, A. L. (1993). Global climate change
and terrestrial net primary production. Nature 363, 234Ð240.
Nelson, M., Burgess, T., Alling, A., Alvarez-Romo, N., Dempster, W.,
Walford., R. and Allen, J. (1993). Using a closed ecological system to
study EarthÕs biosphere: initial results from Biosphere 2. Bioscience
43, 225Ð236.
Oberbauer, S.F., Strain, B.R., and Fetchen, N. (1985). Effects of CO2
enrichment on physiology and growth of seedlings of two tropical tree
species. Physiologia Plantarum 65, 352Ð256.
Reekie, E.G., and Bazzaz F.A. (1989) Competition and patterns of
resource use among seedlings of five tropical trees grown at ambient
and elevated CO2. Oecologia 79, 212Ð222.
Rosenthal, Y., Farnsworth B., Romo R.F.V., Lin G., and Marino B.D.V.
(in press). High precision continuous measurements of CO2 in
Biosphere 2 to assess whole mesocosm carbon cycling. Ecological
Engineering.
Sage, R.F. (1994). Acclimation of photosynthesis to increasing atmospheric
CO2: the gas exchange perspective. Photosynthesis Research 39,
351Ð368.
Sanchez, P.A. (1989). Soils. In ÔTropical Rain Forest EcosystemsÕ.
Ecosystems of The World 14B (Eds H. Lieth and M.J.A. Werger.) pp.
73Ð88. (Elsevier: Amsterdam.)
Schimel, D., Enting, I.D., Heimann, M., Wigley, T.M.L., Raynaud, D.,
Alves, D., and Siegenthaler, U. (1995). CO2 and the carbon cycle. In
ÔClimate Change 1994: Radiative Forcing of Climate Change and An
Evaluation of the IPCC 1992 Emission ScenariosÕ. pp. 39Ð71.
(Cambridge University Press: New York.)
Severinghaus, J. P., Broecker, W. S., Dempster, W. F., Macallum, T., and
Wahlen, M. (1994). Oxygen loss in Biosphere 2. EOS 75, 35Ð37.
Sharkey, T.D. (1985). Photosynthesis in intact leaves of C3 plants: physics,
physiology and rate limitations. Botanic Review 51, 53Ð105.
Wofsy, S. C., Goulden, M. L., and Fan, S.M. (1993). Net exchange of
CO2 in a mid-latitude forest. Science 260, 1314Ð1317
Ziska, L. H., Hogan, K. P., Smith, A. P., and Drake, B. G. (1991).
Growth and photosynthetic response of nine tropical species with long-
term exposure to elevated carbon dioxide. Oecologia 86, 383Ð389.
Manuscript received 24 October 1997, accepted 6 May 1998
http://www.publish.csiro.au/journals/ajpp
